The trivalent oral poliomyelitis vaccine (OPV) contains three different poliovirus serotypes. It use therefore creates particularly favorable conditions for mixed infection of gut cells, and indeed intertypic vaccine-derived recombinants (VdRec) have been frequently found in patients with vaccine-associated paralytic poliomyelitis. Nevertheless, there have not been extensive searches for VdRec in healthy vaccinees following immunization with OPV. To determine the incidence of VdRec and their excretion kinetics in primary vaccinees, and to establish the general genomic features of the corresponding recombinant genomes, we characterized poliovirus isolates excreted by vaccinees following primary immunization with OPV. Isolates were collected from 67 children 2 to 60 days following vaccination. Recombinant strains were identified by multiple restriction fragment length polymorphism assays. The localization of junction sites in recombinant genomes was also determined. VdRec excreted by vaccinees were first detected 2 to 4 days after vaccination. The highest rate of recombinants was on day 14. The frequency of VdRec depends strongly on the serotype of the analyzed isolates (2, 53, and 79% of recombinant strains in the last-excreted type 1, 2, and 3 isolates, respectively). Particular associations of genomic segments were preferred in the recombinant genomes, and recombination junctions were found in the genomic region encoding the nonstructural proteins. Recombination junctions generally clustered in particular subgenomic regions that were dependent on the serotype of the isolate and/or on the associations of genomic segments in recombinants. Thus, VdRec are frequently excreted by vaccinees, and the poliovirus replication machinery requirements or selection factors appear to act in vivo to shape the features of the recombinant genomes.
Genomic rearrangement by recombination during viral replication is a common mechanism of genetic variability and evolution of many RNA viruses (see references 1, 32, 41 and 54 for reviews). The first genetic evidence for recombination of RNA viruses was obtained with poliovirus (PV), the causative agent of poliomyelitis (22, 33, 48) . Biochemical evidence of intermolecular recombination was reported subsequently from studies of PV and foot-and-mouth disease virus, another virus of the Picomaviridae family (27, 28, 46) . Members of this family, and in particular PV, are still suitable models for studying genetic exchange between RNA viral genomes (2) .
PV is a nonenveloped virus composed of an icosahedral capsid made of 60 copies of four proteins (VP1 to VP4) surrounding the single-stranded messenger-sense genomic RNA. This genomic RNA is polyadenylated at the 3Ј terminus and covalently attached to a genome-linked protein (VPg) at the 5Ј terminus. Two noncoding regions flank the single large open reading frame, which is translated in the cytoplasm of infected cells by a cap-independent mechanism. The resulting single polyprotein is subsequently cleaved to yield the structural and the nonstructural proteins including the RNA-dependent RNA polymerase (3D pol ). The 5Ј and 3Ј noncoding (5ЈNC and 3ЈNC) regions are involved in viral replication and translation (reviewed in references 5, 6 and 52). PV replicates in the human digestive tract and can induce paralysis by infecting and destroying motor neurons. Attenuated strains of all three serotypes have been selected by numerous passages of wild-type strains in monkey tissues in vivo and in vitro (47) . These strains (Sabin 1, 2, and 3), which replicate in the human gut and induce a strong immunity including a local intestinal immunity, have been used as an oral poliomyelitis vaccine (OPV). Because OPV acts against the fecal-oral transmission of PV strains in humans, it has been the tool of choice for the eradication of poliomyelitis. However, in rare cases (1 case per 2.5 to 0.2 million doses), OPV strains have been implicated in vaccine-associated paralytic poliomyelitis (VAPP). Phenotypic changes due to the genetic variability of the Sabin strains are probably one of the main causes of VAPP (38) . This variability leads to the spread in the environment and possible circulation of vaccine-derived pathogenic strains. This could make the final steps of the eradication of the PV species more difficult to achieve. A poliomyelitis outbreak due to vaccine-derived PV strains was recently reported (9) .
PV genomes with deletions in defective interfering particles, and deletions and insertions in the genomes of PV pseudorevertants, have been described (31, 44) . Additionally, in vitro transduction of human rRNA by PV has also been described (10) . Nevertheless, PV genome rearrangement frequently takes place through homologous RNA recombination involving ac-curate substitution of a similar genomic region without insertion, deletion, or mismatch such that the genetic organization is unchanged (1) . It is generally accepted that RNA recombination in PV occurs by a copy-choice mechanism in which the viral RNA polymerase switches templates during negative-strand synthesis (29) . However, other possible mechanisms have recently been proposed. Premature termination of transcription could generate RNA fragments of variable lengths which could subsequently be aligned to and extended on a different template (43) . A nonreplicative RNA recombination model has also been proposed: recombining RNAs are cleaved, and the exposed termini are cross-ligated (20) .
Although PV recombination has been evidenced and studied mostly in the laboratory, PV has been shown to recombine in nature. The ability of Sabin PV strains in vaccinees to exchange genetic material was first described by Kew and Nottay in 1984 (25) . Since then, there have been extensive searches for similar PV intertypic vaccine-derived recombinants (VdRec), mostly in patients with VAPP. Such recombinants were found to appear very frequently (11, 13, 14, 18, 19, 34, 36) . In some cases, recombinants between Sabin and wild strains have also been isolated from VAPP cases (13, 21, 45) .
VdRec have also been reported in healthy vaccinees (7, 13, 36, 39) . By introducing three different PV serotypes simultaneously, OPV creates particularly favorable conditions for mixed infection of the gut cells. Nevertheless, there have been no extensive searches for VdRec in vaccinees following immunization with trivalent OPV. In particular, neither the incidence of VdRec in primary vaccinees nor the general genomic features of the corresponding recombinant genomes have been established.
This report presents the characterization of the genomes of PV Sabin isolates excreted by 67 vaccinees following primary immunization with OPV during a mass campaign (23) . Recombinant strains were identified by multiple restriction fragment length polymorphism (RFLP) assays (3, 14, 21) . The localization of junction sites in recombinant genomes was also determined. VdRec appeared early after vaccination and were excreted by many of vaccinees. We found that there were both preferred associations of genomic segments and preferred recombination sites in the genomes. This indicates that mechanistic or selective factors acting in vaccinees and possibly in host cells determine the characteristics of VdRec genomes.
MATERIALS AND METHODS
Cells and viral reference strains. HEp-2c and Vero cells were grown in monolayers in Dulbecco modified Eagle's medium (DMEM) supplemented with 5% newborn calf serum.
The attenuated PV Sabin 1, 2, and 3, were obtained from the World Health Organization master seeds [Behringwerke (SOϩ1)] for OPV preparation. The second passage at 34°C in HEp-2c cells of the seed was used to prepare viral stocks.
Study group and specimen collecting. The vaccine-derived PV isolates characterized in this study were isolated from a group of 67 healthy 2-to 5-month-old children and vaccinated with their first dose of OPV (10 6 , 10 5 , and 10 5.7 tissue culture infective dose units of Sabin 1, 2, and 3 strains, respectively; Sclavo, Siena, Italy). None of the children had received either OPV or inactivated poliomyelitis vaccine prior to immunization. The vaccine was administered as part of a mass campaign in spring 1993 in Bucharest, Romania (23) .
Virus isolation, identification, and serotyping. The primary isolation of enteroviruses from stool specimens was performed on Vero cells using standard procedures (53) . Type-specific PV-neutralizing antisera produced at the Cantacuzino Institute were used for serotyping. Strains were isolated from mixtures of PV of different serotypes by neutralization tests with these sera. Viral stocks were obtained after a second passage on Hep-2c cells at 34°C to increase viral titers. RFLP assays were used for intratypic differentiation between wild-type and vaccine-derived viruses (see below) (3) .
In some cases, to separate mixtures of viruses of the same serotype but different genotypes, viruses were plaque purified under agar overlay. Briefly, infected Hep-2c cells in six-well plates were maintained under 0.9% agarose in DMEM supplemented with 2% fetal calf serum and 50 mM MgCl 2 . After 72 h of incubation at 34°C, cells were stained with neutral red, and then individual plaques were picked and used to inoculate fresh cells.
Reverse transcription (RT) and PCR. These techniques were used for various investigations: to confirm the presence of vaccine-derived viruses of a given serotype with a serotype-specific PCR assay, to synthesize amplicons for RFLP assays, and for sequencing.
Viral RNA was reverse transcribed directly from the cell-free supernatant of infected cells. For the synthesis of cDNA, a mixture of 1 l of supernatant, 0.5 l of RNasin (40 U/l; Promega) 10 pmol of antisense oligonucleotide primer, and distilled water to a final volume of 14 l was heated for 5 min at 80°C for denaturation and for 5 min at 42°C for annealing. Six microliters of a mixture containing 4 l of 5ϫ transcription buffer (Promega), 1 l of deoxynucleoside triphosphate at 10 mM each, and 1 U of avian myeloblastosis virus reverse transcriptase (Promega) was added. RT was performed at 42°C for 30 min and stopped by heat inactivation at 95°C for 5 min, and the sample was placed immediately on ice. It was then mixed with 3 l of 10ϫ amplification buffer (Eurobio or Promega), 10 pmol of sense primer (or 100 pmol of primer UG17), 1.25 U of Taq polymerase (Eurobio or Promega), and distilled water to a final volume of 100 l. The PCR was performed using 30 cycles of denaturation at 94°C for 1 min, annealing at 45°C (or at 50°C for RFLP-3D-3Ј) for 2 min, and extension at 70°C for 1 min; a final elongation step of 10 min at 70°C was also used. Aliquots (10 l) were run on 1.5% agarose gel in the presence of ethidium bromide (0.5 g/ml), and DNA amplicons were visualized under UV light.
Serotype-and strain-specific RT-PCR. The serotype of viral isolates was confirmed by RT-PCR using strain serotype-specific oligonucleotide primers. A PV universal antisense primer, UC1, and specific sense primers T1G5 (5Ј-AGG TCAGATGCTTGAAAGCA-3Ј) T2G2 (5Ј-TGCTCCGACAAAGCGTGCCA G-3Ј) and T3G3 (5Ј-GTGACATACAGACAGACTACAC-3Ј) were used. These primers allow the amplification of genomic fragments of 396, 117, and 596 bp from the Sabin 1, 2, and 3 strains, respectively (Fig. 1A) .
RFLP assays. RFLP assays involved the synthesis of genomic amplicons by RT-PCR amplification, followed by the comparative analysis of amplicon restriction profiles on agarose gel. These assays give strain-specific restriction profiles and were used to analyze different distant regions of the genome. Oligonucleotides and genomic regions analyzed by RFLP assays are shown in Fig. 1 . Sequences of all of the oligonucleotides except UC22 (5Ј-TCAGTAAATTTCTT CAACCA-3Ј), UC26 (5Ј-GGAGTCAACTGCTTGGAGCA-3Ј), and UC27 (5Ј-AATGCAGGCCCGAGTGACTC-3Ј) are given in reference 21. Amplicons (20 to 40 l) were digested for 2 h with 10 U of restriction endonuclease at the suitable temperature and in the appropriate buffer as indicated by the manufacturer. In most experiments, two or three different restriction endonucleases were used for each amplicon. Digested PCR products were then analyzed by electrophoresis in 3 to 4% agarose gels at 5 V/cm for 2 h using Tris-acetate-EDTA as an electrophoresis buffer and visualized by ethidium bromide staining. Restriction profiles of isolated PV strains were compared with those of the Sabin 1, 2, and 3 reference strains.
To check that there was no competition between the three Sabin strain genomes during RFLP assays, the sensitivity of some of the RFLP assays (RFLP-1 and RFLP-3D-3Ј) to detect each of the three vaccine serotypes was determined using two different restriction enzymes (DdeI-HaeIII and HinfI-DdeI, respectively). Different homotypic and heterotypic viral preparations were used: dilutions of viral stocks of each of the three vaccine serotypes, and dilutions of mixtures containing equal or unequal titers of each pair of the three serotypes. Pure virus solutions or 1:1 mixtures of Sabin 1, 2, and 3 strains were diluted 1:2 in DMEM, from 10 6 to 3.12 ϫ 10 4 PFU/ml. Mixtures containing unequal titers of viruses were made up to ratios of 9:1, 8:2, etc., to 1:9. RFLP assays were performed as described above.
Localization of recombination junctions. Recombination junctions were first mapped using RFLP assays and subsequently, in many cases, by sequencing RT-PCR products. Before sequencing, RT-PCR products were purified by using a Qiaquick spin column purification kit (Qiagen). Sequencing was performed using a BigDye Terminator Cycle Sequencing Ready Reaction kit according to the procedure recommended by Applied Biosystems Perkin-Elmer. Sequences were compared with those of the Sabin vaccine reference strains by using the Clustal W software (49) . Recombination sites were thus mapped between two restriction sites or two nucleotides that differentiate the genomes of the parental Sabin strains. Nucleotide positions for the three Sabin strains are indicated according to the numbering of the Sabin 1 genome (51).
RESULTS
Detection of recombinant strains. Stools were collected from 67 healthy children who had been vaccinated with their first dose of OPV. Stool specimens were collected from each child on day 0 and 2, 4, 7, 14, 21, 28, and 60 days following vaccination (23) . PV strains were isolated from stool specimens on Vero cells, and strains of each serotype were identified and separated from mixture using type-specific antisera.
A set of 138 isolates, composed of isolates of each serotype that were excreted the latest by each child (maximum of three isolates per child), was analyzed in detail. The serotypes of these isolates and their vaccine origin were confirmed by using both vaccine serotype-specific oligonucleotides for RT-PCR and specific restriction sites present in the amplicon DNA obtained from a genomic region encoding part of the capsid protein VP1 (RFLP-1 assay [ Fig. 1]) (3) . Fifty five isolates belonging to type 1, 39 belonging to type 2, and 44 belonging to type 3 were identified.
We screened for recombinant strains by comparing the results of this RFLP-1 assay with those of the RFLP-3D-3Ј assay, which analyzes a segment encompassing the region encoding the C-terminal part of the 3D pol and the entire 3ЈNC region ( Fig. 1) (21) . In many cases, the results of the RFLP-1 assay were also compared with those of the RFLP-5ЈNC assay, analyzing a genomic segment located in the 5ЈNC region (42) . Moreover, to detect multiple recombinant strains and to localize recombination junctions RFLP analysis was subsequently extended to other regions of the genome encoding nonstructural PV proteins. In particular, the RFLP-3D2 assay, analyzing the region encoding the N terminus of the 3D pol , was used in most cases (Fig. 1) .
In many cases (61 of 138 isolates), the segment corresponding to the 3Ј-terminal part of the genome (RFLP-3D-3Ј assay) was derived from a vaccine strain serotype different from that expected from serotyping and from RFLP-1 assays (Fig. 2) . These results indicated the presence of intertypic recombinant genomes. The 5ЈNC genomic region was analyzed (RFLP-5ЈNC assay) for 45 isolates (21, 11, and 13 isolates of serotypes 1, 2, and 3, respectively) and was found in all cases to be derived from the same vaccine strain serotype as that identified by serotyping. This indicated that genetic intertypic recombination involving large RNA segments occurred rarely in the genomic stretch between the analyzed 5ЈNC and capsid regions or did not occur at all; this stretch encodes major serotype antigenic determinants and includes the VP1 region analyzed by the RFLP-1 assay.
A single type of genomic segment per isolate was generally detected by the RFLP-3D-3Ј assay; nevertheless, in several cases, two different types of segments were evidenced. This indicated the presence in the same isolate of mixture of dif- ferent virus strains belonging to the same serotype (homotypic viruses) but with different genotypes (one recombinant plus one nonrecombinant genome, or two different recombinant genomes). For this reason, we hereafter distinguish between the term "isolate," used for the product of the identification and purification of samples by seroneutralization, and the term "strain," used for viruses identified by RFLP analysis of the genomes present in isolates. Isolates frequently contained mixtures of different homotypic strains, and therefore we checked that there was no competition during the RT-PCR amplification between homologous segments of different serotypes; the RT-PCR assay could have favored the detection of one segment and masked the presence of another. The sensitivity of the RFLP-1 and RFLP-3D-3Ј assays to detect each of the three vaccine serotypes either in homotypic viral preparations or in heterotypic mixtures was thus determined (see Materials and Methods and Fig. 3 ). In homotypic preparations, the threshold of detection was 10 to 40 PFU per RT-PCR for the RFLP-1 assay and 40 to 100 PFU for the RFLP-3D-3Ј assay. In heterotypic preparations containing each of the three different pairs of serotypes (1:1 ratio), the thresholds of detection were similar for all serotypes (around 30 PFU per RT-PCR for the RFLP-1 assay and from 30 to 60 PFU for the RFLP-3D-3Ј assay). There was no evidence of preferential amplification or detection of homologous genomic segments for any pair of serotypes (Fig. 3) . Both genotypes were also clearly detectable in heterotypic mixtures at ratios of 1:4 to 4:1 but not 1:9. The intensity of the restriction profiles was proportional to the virus concentrations or proportions in each analyzed mixture. Thus, these RFLP assays were similarly sensitive for the three vaccine serotypes both in homotypic preparations and in mixtures.
To confirm that RFLP assays were able to detect various viral genotypes in the same isolate, several viral plaques from infected monolayers maintained under agarose overlays were picked and analyzed. Two isolates appearing as mixtures of recombinant and nonrecombinant type 1 strains (S1 plus S1/S3 [see above and Fig. 4] ) and type 2 strains (S2 plus S2/S1) were tested. Analysis of the plaque-purified viruses confirmed the presence of the two viral populations in the same isolate (not shown). Moreover, the presence in a third isolate of two different type 2 recombinant genomes (S2/S1) with different recombination sites was also evidenced by this method. These results confirm that RFLP assays are suitable for detecting different viral populations present in a mixed isolate (mixtures of homotypic viruses with different genotypes).
In most isolates (83%), only a single viral recombinant or nonrecombinant genotype was detected (Table 1) 1 and 2) . MW, HaeIII-digested fragments of bacteriophage X174 DNA serving as molecular weight markers; ND, not digested.
FIG. 3. Sensitivity of RFLP assays for detection of the genome of various vaccine serotypes in a mixed population. Heterotypic mixtures containing pairs of the Sabin strains (S1, S2, and S3) combined in equal proportions were prepared. Mixtures were diluted (1:2) from 10 6 to 6.25 ϫ 10 4 PFU/ml per strain. RFLP assays were performed using the restriction enzymes DdeI or HaeIII for RFLP-1 and HinfI for RFLP-3D-3Ј. The restriction profiles of the reference Sabin 1, 2, and 3 strains are shown. The two strains present in each mixture are indicated; restriction profiles for the first five dilutions are shown. MW, molecular weight markers (X174 DNA HaeIII-diested fragments); ND, not digested.
VOL. 75, 2001
VACCINE-DERIVED POLIOVIRUS RECOMBINANTS 5743 combinant strains had a bipartite genome produced by a single recombination event. However, tripartite genomes produced by two recombination events were also detected in six type 3 isolates. Most mixed isolates were mixtures of one recombinant and one nonrecombinant strain, although mixtures of two different recombinants were also detected. Four isolates gave complex RFLP patterns suggesting mixtures of three different genotypes or of bipartite and tripartite recombinant genomes (Table 1) . These four isolates were not analyzed in detail. Incidence and characteristics of recombinant strains in vaccinees. Among the 138 analyzed isolates, the percentage of isolates containing VdRec genomes varied considerably according to their serotype: 82% of type 3 isolates and 62% of type 2 isolates contained strains with recombinant genomes. Of the 55 type 1 isolates, only one was found to contain such an VdRec genome, and it was a mixture of recombinant and nonrecombinant genomes. For each serotype, the relative proportion of recombinant and nonrecombinant strains in isolates containing one genotype and that in isolates containing two different genotypes did not differ significantly (Fischer exact test; P ϭ 0.25 for type 2 and 0.7 for type 3 isolates). Therefore, all well-defined strains present in isolates containing either one or two different genotypes (134 isolates) were considered for calculating the percentages of recombinant strains and for subsequent analysis. Two, 53, and 79% of strains belonging to serotypes 1, 2, and 3, respectively, were found to be VdRec.
There was a preferential association of segments according to serotype origin (Fig. 5a ). For example, type 2 VdRec (with the 5Ј moiety of the genome including the capsid genomic region, and thus the antigenicity, of the Sabin 2 strain) were more frequently associated with Sabin 1-derived genomic segments in the 3Ј moiety of the genome (20 S2/S1 versus 6 S2/S3 strains). Similarly, type 3 VdRec preferred Sabin 2-derived segments (26 S3/S2 versus 6 S3/S1). Sabin 1-derived genomic segments were more frequent in the 3Ј moiety of the type 2 VdRec genomes than in that of the type 3 VdRec genomes (20 S2/S1 versus 6 S3/S1 strains). No difference was found in the   FIG. 4 . RFLP analysis of plaque-purified viruses isolated from a mixed isolate containing a nonrecombinant S1 population and a recombinant S1/S3 population. Plaque-purified viruses (lanes a to k) derived from the original isolate (Fig. 2, lane 1) were analyzed by RFLP-1 and RFLP-3D-3Ј assays (restriction enzymes HaeIII and DdeI, respectively). Whereas most profiles correspond to a single genotype, some RFLP-3D-3Ј profiles show traces of the second genotype (first round of purification) and minor bands due to incomplete digestion. The restriction profiles of the reference Sabin 1 and 3 strains are shown. MW, X174 DNA HaeIII digested fragments used as molecular weight markers; ND, not digested. association of segments between recombinant strains present in isolates containing one genotype and those in isolates containing two different genotypes (not shown). The six type 3 VdRec with tripartite genomes were not considered in this comparative analysis.
We determined the numbers of genomic segments of each serotype present in bipartite or tripartite recombinant genomes. All three serotypes were represented, but Sabin 1 genomic segments were less frequent than the others in recombinants. In bipartite recombinant genomes, the genomic segments were classified according to their position on the 5Ј or 3Ј side of the recombination site (Fig. 5b) . Sabin 1 segments were almost never found on the 5Ј side of the recombination junctions, and Sabin 3 segments were relatively rare on the 3Ј side. Sabin 2 segments were found equally on both sides of the junctions. The molecular features of recombinant genomes thus indicated preferred well-ordered associations of genomic segments. Localization of recombination junctions in recombinant genomes. Recombination junctions were located using RFLP assays covering most of the genomic region encoding nonstructural viral proteins. These assays map the junction to intervals (restriction site intervals) flanked by two endonuclease restriction sites that differentiate the two parental genomes. A detailed analysis of the restriction patterns obtained from the type 1 recombinant strain (S1/S3) is presented as an example. The recombination junction of the S1/S3 strain was first mapped by combining RFLP-1, -3D3 and -3D-3Ј assays using the initial type 1 mixed isolate S1ϩS1/S3. The assay of the VP1 capsid genomic region gave a clear single Sabin 1 pattern (not shown). The RFLP 3D-3Ј assay (analyzing the 3Ј extremity of the genome) gave a mixture of Sabin 1 and Sabin 3 patterns (Fig. 2, lane 1) , clear evidence of the presence of both the original Sabin 1 strain and a recombinant genome S1/S3. The RFLP-3D3 assay (genomic region corresponding to the Nterminal half of the polymerase 3D) revealed an unusual restriction fragment of 153 nucleotides after HinfI endonuclease digestion. This fragment can be explained by the juxtaposition, after recombination, of the Sabin 1 HinfI restriction site at nucleotide position 5980 (HinfI-S1) and of the Sabin 3 HinfI restriction site at nucleotide position 6132 (HinfI-S3). The recombination site was thus mapped to the 5980 HinfI-S1 -6132
HinfI-S3 restriction site interval. Plaque-purified recombinant virus strains derived from this isolate were analyzed: some of these viruses gave Sabin 1 patterns in the RFLP-1, -1-2A-Bis, -P2, and -3AC assays and Sabin 3 patterns in the RFLP-3D-3Ј assay (Fig. 4) . As expected, the RFLP-3D3 HinfI restriction patterns were modified and presented a hybrid recombinant fragment (Fig. 6A) . EcoRV restriction patterns were used to map the recombination junction to the 5980 HinfI-S1 -6024 EcoRV-S1 ) restriction site interval (Fig. 6B and C) .
Most of the recombination junctions of the bipartite type 2 recombinant S2/S1 and S2/S3 genomes were thereby shown to be in the P3 genomic region (encoding proteins 3A to 3D pol ) and, in particular, in the 3D pol -coding region between nucleotides 6302 and 7053 (21 of 27 junctions). The junctions of only two S2/S1 genomes were found elsewhere, in the 2C-and 2C-3A-coding regions (Table 1 and Fig. 7) .
In most cases, the recombination junctions of type 3 recombinant genomes (S3/S1 and S3/S2) were located in the P2 region (encoding proteins 2A to 2C) and, in particular, in the 2C protein-coding region between nucleotides 4422 and 5107 (28 of 32 junctions). The junction of one S3/S2 genome was found in the 2A-coding region between nucleotides 3571 and 3722.
In the six tripartite genomes (S3/S2/S1 or S3/S2/S3), the FIG. 5. Association of genomic segments in recombinant strains. The genomes of strains present in isolates were analyzed by RFLP assays, and the genomic segments of recombinant genomes were identified and classified according to the vaccine strains from which the genomic segment are derived (see Table 1 for details) and according to the positions of these segments in the genome. (a) The different categories of nonrecombinant or recombinant genomes are classified according to the serotype of the isolate from which they are derived. The numbers of analyzed strains are shown. (b) The relative proportion of each of the three genomic segments in bipartite recombinant genomes is indicated according to position in the 5Ј part (S1/Sx; includes S1/S2 and S1/S3, for example) or in the 3Ј part (Sx/S1, for example) of the recombinant genomes. The number of different segments present in bipartite recombinant genomes described in panel a (118 segments) was considered 100%. ) of the tripartite genomes were in the 3D pol -coding region (6302 to 7215). These results are in good agreement with the locations of the recombination junctions of bipartite S3/S2, S2/S1, and S2/S3 genomes (Table 1) .
To confirm the results obtained by RFLP and to map the recombination junctions more precisely, amplicons obtained from RT-PCR were sequenced. Only bipartite or tripartite genomes present in isolates composed of a single genotype were considered. Recombination sites were localized in homologous nucleotide stretches flanked by two nucleotides that differentiate the genomes of the parental strains. All recombination sites were found in the restriction site intervals determined by RFLP above. No point mutations, deletions, or nucleotide insertions were observed. Recombination sites were located in genomic segments 5 to 26, 2 to 44, and 26 nucleotides long for the S3/Sx, S2/Sx, and S1/S3 junctions, respectively (Table 2 and Fig. 7) .
Excretion kinetics of recombinant strains in vaccinees. We studied excretion of recombinants from days 2 to 60 following primary vaccination on a total of 356 of 421 isolates, including the last-excreted isolates described above. Screening for recombinant genomes involved comparing the serotype origin of the genomic segments corresponding to the capsid protein VP1 and to the 3Ј-terminal part of the genome (RFLP-1 and RFLP-3D-3Ј assays). Type 2 recombinants appeared as early as 2 days after vaccination, and type 3 recombinants were detected from day 4 (Fig. 8) . Only one additional type 1 recombinant (S1/S3) was found (on day 7, coexisting with the parental Sabin 1 strain). The maximum relative abundances of recombinant strains (about 55 and 75% of all type 2 and type 3 strains, respectively) were on day 14 and had not increased substantially by day 21, 28, or 60. These relative abundances were not significantly different from those for the last-excreted isolates (53 and 79% being recombinants for the type 2 and type 3 strains, respectively). Moreover, the proportion of S2/S1 genomes among type 2 VdRec genomes (S2/S1 plus S2/S3) was stable throughout the excretion period (from 75 to 87%) and was similar to that for the last-excreted isolates (77%) (not shown). The various categories of type 3 recombinant genomes were not compared because the search for multiple recombinants was not completed.
DISCUSSION
To determine the incidence and genomic characteristics of intertypic recombinants in vaccinees, we studied PV isolates collected from children over a period of 60 days after feeding administration of their first dose of trivalent OPV. Strains with intertypic recombinant genomes were frequently found. Molecular analysis of recombinant genomes indicated preferred associations of genomic segments and preferred regions for junction sites.
A large proportion of strains isolated from patients with VAPP were found to have intertypic recombinant genomes: about 80% for type 2 and type 3 strains (21). We investigated only strains isolated from healthy primary vaccinees, and the percentages of type 2 and type 3 VdRec were again high (53 and 79% of strains, respectively, in the last-excreted isolates). Moreover, type 3 isolates presented a variety of recombinant genomes, including double recombinants (with tripartite genomes) and mixtures of different recombinants. Complex mixtures of different recombinant genotypes have been demonstrated in isolates from recipient VAPP cases (18, 19) . Only two type 1 VdRec have been reported in previous studies of strains isolated from patients with VAPP (11, 15) . However, the rarity of type 1 VdRec could not be clearly ascertained due to the small number of type 1 vaccine strains implicated in vaccine-associated disease (14, 16, 21) . We analyzed 174 type 1 strains. Only two of them were found to be recombinant. Thus, type 1 recombinants are rare at least in primary vaccinees.
The excretion by vaccinees of such a high proportion of recombinant type 2 and 3 viruses is surprising and suggests that these viruses were not generated, or not generated solely, during viral replication in the digestive tract. However, it seems very unlikely that the OPV itself contains recombinants because the virus seeds used by OPV producers are derived from clonally purified virus (47) . Moreover, monotypic virus stocks of all three serotypes are made and checked separately before mixing and therefore cannot coinfect cells during manufacture of the vaccine. It is also very unlikely that many recombinants were generated during the isolation process on coinfected cells inoculated with fecal suspensions containing different serotypes, given the low proportion of recombinants obtained by the mixed infection of cells with different PV serotypes (29, 52) . Moreover, in this study, the second parental serotype strain was not isolated from most of the fecal suspensions (73%) containing a recombinant strain of a given serotype. Further evidence that the recombinants were generated during multiplication of the trivalent OPV in the gut of vaccinees is provided by the increase in the proportion of recombinants excreted over time (Fig. 8) .
The percentage of type 2 recombinant strains in healthy vaccinees (about 55%) was lower than that in patients with VAPP (80%) (21) . This suggests that there is a selection of type 2 recombinant strains (but not of type 3 recombinants) in VAPP patients and thus that these strains have an advantage over nonrecombinants to multiply and/or to induce the disease. Many other type 2 recombinant strains implicated in VAPP have been described (34) . However, these previous data were obtained in different contexts and are therefore not strictly comparable with those obtained in our study. In particular, only strains excreted by children given a single dose of OPV were studied. Moreover, the doses of the vaccine strains present in the OPV used in this study differ slightly from the usual doses (ratio of 10:1:5 versus 10:1:3 for the type 1, 2, and 3 vaccine strains, respectively). This could also explain some differences between our results and those from previous studies indicating a lower frequency of type 2 VdRec and a higher frequency of complex type 3 VdRec in healthy vaccinees (7, 39) .
Type 1 VdRec were rare in vaccinees. Nevertheless, Sabin 1-derived genomic segments encoding nonstructural proteins were frequently found in type 2 and type 3 recombinant strains, indicating that the Sabin 1 strain was not excluded from recombination events. All three strain serotypes were well rep- resented among all genomic segments present in recombinants (Fig. 5 ). This suggests that replication machinery requirements prevent the inclusion of Sabin 1 segments encoding capsid and antigenic determinants in the 5Ј moiety of recombinant vaccine-derived genomes. It is also possible that there is frequently selection against type 1 VdRec, when generated, in vaccinees. Similar factors (replication requirements or selective pressure) may favor some association of genomic segments in intertypic recombinants, as S2/S1 and S3/S2 genomes were significantly more frequent than S2/S3 and S3/S1 genomes. The analysis of type 2 and type 3 strains isolated from VAPP cases also provided evidence for similar nonrandom distributions (21) . VdRec thus display preferred well-ordered association of genomic segments. To our knowledge, this is the first time that such a phenomenon has been described for recombinant RNA viruses isolated from infected organisms. All recombination junctions were found in genomic regions P2 and P3 encoding nonstructural viral proteins, i.e., proteins implicated in proteolytic cleavage and in genomic replication. Recombination events in the 5ЈNC region and/or in the capsid region were not found in this study. Recombination in the 5Ј moiety of the genome should be a rare event, since only one vaccine-derived strain that has the entire 5ЈNC genomic region and part of the capsid protein VP4 region from a nonvaccine strain has been described (18, 21) . However, we cannot exclude that there are substitutions of small genomic fragments (double recombination events), too small to have been detected. Moreover, a possible explanation for the lack of detection of recombination event in the capsid region is the methodology used for the serotype identification and separation of viruses. This method uses type-specific PV neutralizing antisera allowing the separation of type 1, 2, and 3 PV present in isolates. However, hybrid antigenic viruses produced by recombination events may fail to be detected by the standard technique. All strains that we analyzed clearly reacted with serotype-specific antibodies and displayed at least part of the genomic VP1 region (according to the RFLP-1 assay), in agreement with the seroneutralization test. A methodology allowing the detection of viruses displaying the antigenicity of two different serotypes should be used to search for possible natural antigenic chimeras. Some antigenic chimeras have been produced by manipulation of infectious PV cDNA (37) . However, many of them were shown to be nonviable or unstable when the recombination junctions were located in the capsid-coding region, indicating that the integrity of the capsid region of PV seems to be important (30) . The integrity of the 5ЈNC region could also explain the absence of recombinants in the 5Ј NCR, since this region is involved in replication and in the internal entry of ribosomes allowing the traduction of the viral genome (6, 52) .
Another interesting finding was that most recombination junctions in the type 2 recombinants were in the P3 genomic region and in the type 3 recombinants in the P2 region (Fig. 7) . If recombination can take place at every nucleotide with equal probability, the relative probability of finding a recombinant within any single region would be directly proportional to the size of the region. This was clearly not the case, and our results indicate that the recombination junctions are nonrandomly distributed. The nonrandom distribution appeared to apply equally to the rare S1/S3 recombinant sites: four S3/S1/S3 tripartite recombinant strains have been described, and their S1/S3 junctions (nucleotides 5672 to 6169) are in the same subgenomic region as that of the recombinant S1/S3 found in this study (nucleotides 5980 to 6024) (11, 17) . These results indicate that some genomic regions (hot spots) are preferred for recombination during the replication process or that recombinant genomes with such recombination sites are selected in coinfected cells or in the infected host.
The association of genomic segments and locations of recombination sites appear to be interdependent in PV recombinants. The preferential regions for recombination were dependent on the serotype of the recombinant strains and/or of characteristics the 5Ј genomic segment encoding the antigenic determinants, irrespective of the 3Ј moiety. These results are in good agreement with published data describing the recombination sites of naturally occurring VdRec and with a recent analysis of VdRec isolated from patients with VAPP (J. Balanant, unpublished results; 7, 11, 17, 19, 26, 34) . Nevertheless, cumulating all previous results indicates that there are differences in the location of recombination sites between type 2 S2/S1 and S2/S3 recombinants, suggesting that the 3Ј moiety of recombinant genomes may also have an effect. In addition to the P3 genomic region, another region, at the 3Ј end of the P2 region, frequently contains the recombination sites of S2/S1 recombinant genomes (two examples only in this study [ Fig. 7] ) but not those of S2/S3 recombinants.
Tolskaya et al. have described hot spots of recombination in type 3 recombinants (S3/S1) isolated after coinfection of cells and subsequently selected using genetic markers (50) . Recombination junctions were nonrandomly distributed within the genomic region considered, which included most of the P2 region. Hot spots of recombination were found in the 2B and 2C regions. However, in this study, the genomic region available for recombination was artificially determined by the location of the genetic markers used for selecting recombinants (nucleotides 3386 to 4547). In our and previous works with natural recombinants isolated from vaccinees, only 3 of 13 recombination junctions of this category (S3/S1 junctions) were located inside the genomic region considered by Tolskaya et al. (7, 11, 36, 50) . Recombination hot spots have also been found in other RNA viruses, including brome mosaic virus, coronaviruses, and retroviruses (4, 35, 40) . Such hot spots have been shown to be sequence-dependent or associated with RNA secondary structures (8, 35, 40) . It was suggested that certain RNA structures favor RNA recombination mechanistically. However, studies of coronavirus recombination indicate that recombination events are random but that some types of recombinants have a selective advantage for multiplying in cultured cells (4) .
Analysis of recombination sites of intertypic PV recombinants isolated from coinfected cells revealed no clear consensus sequence for recombination, although some features, in particular a high degree of homology between the parental genomes on the 3Ј side of the sites, have been noted (24, 26, 29) . Thus, the positions of recombination sites may be random, and some genotypes are then selected during subsequent multiplication. Nevertheless, the localization of recombination sites in recombinants selected in acellular systems, or in coinfected cells, has been found to be temperature dependent and not due to subsequent selection (12) . RNA structures have also been described as being important for promoting PV recombination (50) .
In humans, preferential association of genomic segments and recombination sites could result from numerous factors. Infected cell types allowing PV excretion in the digestive tract of infected individuals are not yet clearly known. The replication machinery and subsequently the association of genomic segments and the localization of recombination sites may depend on the viral replication complexes and/or the target cell's machinery. This could favor the synthesis and/or the encapsidation of particular genomic rearrangements. Alternatively, the fittest recombinants may be selected either in the in vivocoinfected target cells and/or in the host. Indeed, the dominance of a recombinant population could be the result of a selective growth advantage in the gastrointestinal tract and/or of greater resistance against the various selective pressures of the infant intestine and immune system. However, the frequent presence of recombinants in the human gut could be the result of small numbers of target cells, of high concentrations of replicating viruses in rare permissive compartments, and of random sampling (15) . We are currently investigating factors that could explain the appearance of particular VdRec genotypes.
The excretion kinetics of recombinant strains in vaccinees indicate that VdRec can be excreted early (during the first week) following primary vaccination and that the maximum relative abundance of recombinant strains (according to serotype) was on day 14. It has been reported that four children who excreted type 3 PV for a period of more than 12 days following primary vaccination produced VdRec (7, 39) . More surprising is the fact that in our study, the relative abundance of recombinant strains did not vary (increase) significantly from days 14 to 60, suggesting that there is no subsequent selection or synthesis of recombinants in vaccinees. Possibly, during the first 14 days following primary vaccination there is simultaneous replication of vaccine strains in the gut, optimizing the chances of two viruses infecting the same cell and thereby exchanging genetic material by recombination. Thereafter, the acquired gut immunity of vaccinees or some unknown host factors may restrict the replication of some serotypes and thus limit the possibility of additional recombination events. Alternatively, the spread of the virus in the gut may be restricted to a few discrete compartments of susceptible cells, and these compartments may all be infected after 14 days. It is tempting to suggest that the level and characteristics of recombinants are determined by the kinetics of replication of each of the three serotype strains. Indeed, most vaccinees excreted first the type 1, then the type 2, and finally the type 3 viruses (Fig.  8C ). This may explain why the type 2 viruses recombined frequently with type 1 (frequent S2/S1 genomes) and type 3 with type 2 (frequent S3/S2 genomes). However, this does not explain why the reciprocal genomic associations (S1/S2 and S2/S3 genomes, respectively) are not equally found in excreted recombinants. Therefore, beside the possible effect of the kinetics of replication of the different strains, the role of replication requirements or of selection factors should also be considered.
In conclusion, analysis of the genome structure of vaccine strains isolated from healthy vaccinees revealed a high frequency of PV intertypic recombinants, a nonrandom association of genomic fragments, preferential genomic regions for recombination, and linkage between these two phenomena. To our knowledge, this is the first time that such characteristics of viral RNA genetic recombination have been described. By increasing our knowledge of the factors (mechanistic requirements or otherwise) involved in enterovirus recombination, we may increase our understanding of RNA virus evolution. This may also provide greater insight into the genetic variability of live attenuated viral vaccine strains, which should make it possible to improve their safety.
